While it has often been stated that the identification of the genes involved in complex polygenic traits may be extremely difficult, the principles learned in the past century about single gene-single disease inheritance may not be relevant to polygenic inheritance. A new paradigm specific to complex disorders may be needed. It is proposed that micro-and minisatellite polymorphisms play a role in the expression of many genes. As a result, these genes exist in the population with many functional alleleomorphic variants. While each variant has only a modest effect on a given phenotype, because the variants are common, and most quantitative traits are controlled by a number of genes, there is a reasonable probability that an individual will inherit a threshold number of functional variants beyond which there is an appreciable effect on the phenotype. Twelve different aspects of such a new model for complex inheritance, some corollary implications, and three examples of its immediate application, are presented with the hope that the model may allow an acceleration of the identification of the genes involved in complex polygenic disorders.
Since the re-discovery of Mendel's Laws in the early dered by the attempts to transfer the model of single gene inheritance to polygenic inheritance, and that a part of this century, the emphasis in human genetics has been on single gene disorders inherited in a dominew paradigm, specific to polygenic disorders, may be needed to aid in the identification of the genes nant or recessive fashion. In the past two decades a large proportion of the genes for these disorders have involved in these common entities. The following is a practical example of some of the issues involved. been identified, localized, cloned, and sequenced. As the number of such genes remaining to be identified
In 1990 Blum et al 6 reported an association between the Taq A1 D 2 A1 allele of the DRD2 gene and severe has decreased there has been an increased interest in the more common polygenic disorders. It has often alcoholism. This polymorphism is 3Ј to the DRD2 reading frame. This was a controversial finding because been suggested that the genes involved in these disorders will be far more difficult to identify. This difsome confirmed it while others did not. Assuming that alcoholism is a complex, multifactorial, polygenic disficulty is well illustrated by the psychiatric disorders. Despite large numbers of linkage studies of manicorder, and that the DRD2 gene is just one of many genes that could be involved, this discrepancy in findings depressive disorder, schizophrenia, Tourette syndrome, panic disorder, autism, and others, with the was not surprising. Given the role of dopamine as a modulator of many possible exception of bipolar disorder, 1 there have been few replicated findings. different behaviors, 7 we 8 suspected that the D 2 A1 allele might also be associated with other disorders as well Part of the problem may be the very success of the studies of single gene disorders that are caused preand in recent years numerous studies have reported a significant association between alleles of the DRD2 dominantly by exon mutations. In recessive disorders such mutations result in a total cessation of gene funcgene and cocaine addiction, polysubstance abuse, smoking, attention deficit hyperactivity disorder tion, and in dominant disorders the effects are also profound. This single gene-single disease model has often (ADHD), Tourette syndrome, visual-perceptual disorders, conduct disorder, posttraumatic stress disorder, led those studying polygenic disorders to focus on identifying mutations in the exons of candidate genes, pathological gambling, and compulsive eating. 9, 10 Despite these associations, largely as a result of the either by sequencing [2] [3] [4] or the use of special electrophoretic techniques. 5 application of the single gene-single disease model, many have remained skeptical of the role of the DRD2 I propose here that the identification of the mutant genes involved in polygenic disorders could be hingene in human behavioral disorders because sequencing studies have failed to find any mutations in the exons that could explain these findings. These findings Because of the high frequency of important role of single base pair changes in a subset of these length variants, (see below and 28, 40, 41 ), they are micro/minisatellite repeats throughout the genome, we and others have often used these polymorphisms in consistent with the possibility that both length and sequence can be involved, and that the different sized association studies. Our initial assumption was that like the neutral or silent single base pair polymormicro/minisatellite alleles might have an effect on gene function. This hypothesis would be much more plausphisms, the micro/minisatellite alleles would be in linkage disequilibrium with other 'critical' mutations ible if different micro/minisatellite alleles could be shown to have an effect on the rate of transcription or that affect gene function. However, after working with these polymorphisms for several years we began to sustranslation of the genes. There are, in fact, many examples of this. pect that the micro/minisatellites themselves might be the 'critical' mutations. There are two aspects of these micro/minisatellite polymorphisms that are relevantEvidence that minisatellites affect gene function their mutation rate and their size.
The trinucleotide repeats
The most dramatic evidence for an association between Mutation rate The mutation rate of micro/minisatellite alleles is repeat sequences and disease comes from the involvement of long triplet repeats in a variety of neurological higher than for non-repeat sequences. 16 Lack of exchange of flanking markers suggests the new disorders 42 including fragile-X syndrome, Huntington's disease, 43 myotonia dystrophica, Kennedy's disease, mutations are due to replication slippage or complex conversion-like events. 17 A high mutation rate could Friedreich's ataxia, 44 and others. 42 At least five of these disorders involve intronic GAG repeats producing make these polymorphisms less valuable for association studies since over many generations there would polyglutamine tracts in the amino acid sequence of the respective gene products. A clue to the mechanism by be too much noise introduced into linkage disequilibrium relationships which require that two different which polyglutamine tracts affect cell function was provided by the observation that the hungingtin propolymorphisms remain in phase for many generations. However, if the micro/minisatellite mutations were tein binds other cellular proteins, such as hungingtin associated protein 1 (HAP1). 45 Glyceraldehyde-3 phosthemselves the 'critical' alleles, they would actually be more powerful for association studies, despite the phate dehydrogenase, a critical enzyme in glycolysis, was also found to bind to the huntingtin polyglutamine higher mutation rate.
tracts. 46 This enzyme is of particular importance for neurological disorders because the brain relies almost Allele size If linkage disequilibrium was involved in the associexclusively on glucose for its energy.
Other proposed mechanisms by which increasing ation of micro/minisatellite alleles with specific phenotypes, each time a new mutation in the satellite lengths of trinucleotide repeats affect gene function include decreases in mRNA and protein production, 47 occurred there would be a specified chance it was increased DNA methylation, 48 Some of the lation comes from studies of a 14-bp repeat minisatellite located 596 bp 5Ј to the human insulin gene. In famremarkable aspects of the above observations are that the CTG repeat silenced the growth inhibitory ily studies, Bennett et al 35 observed that of the Class I minisatellite alleles the most common 814 mobility factor/metallothionein III gene promoter whether it was upstream or at a distance downstream from the unit (mu) allele was infrequently transmitted to diabetic offspring, while the shorter 641-756 mu and the promoter, 53 the efficiency of nucleosome formation increased according to the size of CTG repeats suggestlonger 828 mu alleles were transmitted significantly more often. While there were also numerous single ing such blocks may repress transcription through the creation of stable nucleosomes, 49 and the reduction of base pair RFLPs in the region, the studies indicated the most significant effects were seen with the minisatellite androgen gene expression remained proportionate to the number of CAG repeats even over the range of noralleles. The primary involvement of the minisatellite was supported by gene expression studies of pancreatic mal alleles. 47 While I have not included the extremely long triplet RNA from several subjects with different class I alleles. Kennedy et al 36 examined the transcriptional effects repeats in the proposed hypothesis of polygenic inheritance, these studies do introduce the concept of alleles of this minisatellite in further detail. They examined the shorter class I alleles (average 40 repeats) that the varying length of repeat alleles, even when they are well into 'normal' range, may affect gene funcand the longer class III alleles (average 157 repeats) using transvection of plasmid constructs linked to CAT tion through a wide variety of mechanisms.
or luciferase to assay transcriptional activity. This showed dramatic differences based both on the length The binding of nuclear proteins by minisatellites. The and the sequence of the repeat. Alleles where the HRAS gene repeat sequences differed by a single base pair substiThe first evidence that minisatellite repeats could tution varied by as much as 10-260% of the rate of affect the function of neighboring genes by binding transcription of the standard allele. The insulin minisatranscription factors came from the studies of Krontiris tellite contains high-affinity binding sites for the tranand colleagues of the minisatellite located near the scription factor, Pur-1, 36 and is capable of adopting a HRAS gene. [56] [57] [58] This 28-bp repeat is located 1 kb 3Ј to number of variant DNA conformations. 63, 64 Recently the HRAS gene. 59 Rare alleles at this locus are signifiVafiadis et al 38 and Pugliese et al 37 have shown that cantly associated with a number of cancers. 56 This the transcription levels of the INS gene in the thymus minisatellite displays transcriptional enhancer correlate with alleleic variation of the VNTR-IDDM2 activity 60, 61 which occurs because it binds four memlocus and suggest this plays a role in the selection of bers of rel/NF-B transcriptional factors. 56, 58 Since insulin-specific T-lymphocytes which in turn play a C → G exchanges occurred throughout the minisatellrole in the pathogenesis of type-1 diabetes. ite, the increased enhancer activity of some alleles could have been due to sequence differences producing Msbp-4 secondary structure variations, as well as length differ-A minisatellite-binding protein called Msbp-4 was isoences. 57 Studies also showed that the enhancer activity lated from mouse testis and tumor cells. Msbp-4 bindof the HRAS minisatellite could be dramatically upreging favored multiple copies of the PC-2 repeat ulated by interaction with a transcription factor unresequence, GGCAGGA, and showed sequence and lated to rel/NF-B.
57 While the studies of Krontiris strand specificity. 65, 66 Other minisatellite binding prowere based on the unique sequence of rare variants, we teins have also been reported. 67 have shown that when the common HRAS alleles were grouped simply on the basis of size, there was an effect Effect of 3Ј UTR repeats on translation of the resultant genotypes on behavioral variables. 19 Repeat sequences in the 3Ј untranslated regions of the 15-lipoxygenase (LOX) gene were shown to bind a 48-kDa reticulcyte protein that specifically inhibited the IGH gene In an extension of these studies, Trepicchio and Krontranslation of LOX.
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Other examples of repeat sequences playing a role in regulation of translation tiris 62 also examined the minisatellite located in the D H J H junction of the human immunoglobulin heavy have been reported. 69 chain (IGH) gene. This minisatellite, located 1500 bp upstream of the J H genes, was found to bind a nuclear Evidence that microsatellites affect gene function protein factor present in a wide variety of cell types. The binding site contained the mycHLH motif, An important aspect of sequences containing alternating purines and pyrimidines, such as (CA)n microsatel-CACGTG, closely related to the USF/MLTF binding site adjacent to the adenovirus major late promoter.
lites, is that they are capable of forming left-handed or Z-DNA under physiological conditions. 70,71 Z-DNA is The binding of the nuclear protein factor resulted in Figure 1 Illustrative examples of the association between alleles of repeat polymorphisms at a variety of genes and quantitative behavioral traits. (a) Monoamine oxidase A gene (MAOA) and VNTR polymorphism alleles divided into four groups. There was a significant association with a number of quantitative variables relating to specific symptoms. The results are shown for a manic symptoms score in 351 Tourette syndrome probands, their relatives and controls. There was a significant increase in the score in subjects carrying the longest alleles. 23 (b) Use of the same polymorphism in a group of substance abusers and controls. There was again a significant association with the longest alleles and a drug abuse score. 23 (c) Association between a quantitative score for anxiety, based on the SCL-90 test, and the obesity gene (OB) microsatellite polymorphism alleles divided into subjects homozygous for the Ͻ208-bp alleles (left) and individuals homozygous or heterozygous for the Ն208-bp alleles (right).
20 (d) Association between the amplitude of the event-related potential (ERP) P300 wave (in uvolts) and the CNR1 cannabinoid receptor gene microsatellite polymorphism alleles divided into subjects homozygous for the Ն5 repeat alleles (right) and individuals homozygous or heterozygous for the Ͻ5 repeat alleles (left).
21 (e) Association between the Brown Adult ADD score and the GABA A B3 (GABRB3) receptor gene microsatellite polymorphism alleles divided into subjects homozygous for Ն185-bp alleles (left) and those homozygous or heterozygous for the Ͻ185-bp alleles. (f) Association between performance IQ and the normal alleles of the FRAXA locus in random adults assessed for IQ. 104 characterized by a zig-zag conformation of the phosHybridization studies have shown that the human genome contains up to 100 000 regions of poly (CA)n phate backbone (Figure 2) . 72 The major groove is absent in Z-DNA and the minor groove is much deeper than sequences, and that such sequences are common in all eukaryotes including Drosophila and yeast. 73 Studies in B-DNA, extending to the axis of the helix and exposing the bases. 72 of 137 human DNA genes showed that Z-DNA forming chromatin structure and facilitate entry of RNA polymerase into the molecule. Hamada et al 77 also proposed that by reversibly interconverting between the B and the Z forms in vivo the (CA)n sequences could distort DNA and result in the activation or inactivation of genes. 77 Banerjee et al 78 examined the ability of various synthetic polymers to affect the transfection of herpes simplex virus thymidine kinase in LtK cells. Potential Z-DNA forming polymers cotransfected with the tk gene decreased the level of Tk+ transformed colonies, while cotransfection with polymers that do not form Z-DNA had no effect. They found the effect was dependent upon the length of the microsatellites linked to the 3Ј or 5Ј end of the tk gene. Only the longer sequences, capable of forming Z-DNA, had an effect. In a subsequent report, Banerjee and Grunberger 79 found that certain polynucleotides, capable of forming Z-DNA, enhanced the transcription of the chloramphenicol acetyltransferase gene when cotransfected into murine L cells.
Wö lfl et al 80 reported studies of the corticotropinreleasing hormone (CHR) gene with an intron that contained 100 bp of alternating purine/pyrimidine (CA)n authors concluded that the presence of a Z-DNA motif in the non-coding parts of all sequenced mammalian CHR genes make it reasonable to consider that Z-DNA sequences were non-randomly located with 35% occurring at the 5Ј end of genes, often in promotor may contribute to the regulation of the CHR gene.
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RNA polymerase cannot transcribe through Zregions, compared to 3% at the 3Ј end. Of the remaining sequences, 47% were found in introns vs 15% in DNA, 81, 82 and topoisomerase II and other proteins show enhanced affinity for Z-DNA. 76, 83, 84 A number of exons. 74 The number of Z-DNA domains associated with each gene ranged from 0 to 14. When the 13 000-nuclear proteins bind to Z-DNA but not to B-DNA. 85 This may be related to the different conformation of bp ␣-globin gene cluster, and the 73 326-bp of the ␤-globin cluster were examined, there was a dramatic the two forms. The Z-DNA conformation exposes the bases to interaction with proteins, while the B-form tendency for Z-DNA regions to cluster around sites of initiation of transcription, and a virtual absence of Zdoes not (Figure 2 ). It has been suggested 80, 86 that Z-DNA motifs at the 5Ј end of genes play an important DNA regions in intergenic sequences and at pseudogenes. These studies also showed that Z-DNA motifs role in increasing the spacing of RNA polymerases and that correct spacing is required to prevent transplicing may be present up to 1.5 kb 5Ј upstream of the transcribed sequences.
or erroneous splicing, thus maximizing the efficiency of the RNA splicing process. Five other studies have also indicated a role of (CA)n Z-DNA and the regulation of transcription A number of other studies have also suggested a role repeats in gene regulation. First, recent studies have shown that 5Ј-UTR Z-DNA forming poly(TG)n tracts of Z-DNA in gene function. DNAse I hypersensitivity is associated with transcriptionally active chromatin. play a role in the regulation of RNA editing at the GLuR gene. 87, 88 These results suggest a significant role of Fine structure mapping of the DNAse I hypersensitive sites of the enhancer region of the SV40 minichromointronic sequences in controlling gene expression. 87 Second, studies by Epplen and colleagues 89 showed some showed the presence of DNAase I cleavage approximately 25 bp on either side of the segments forthat (CA)n microsatellites bind nuclear proteins in humans and that binding vs non-binding is dependent ming Z-DNA. 75 The position of these hypersensitive sites may have been determined, in part, by Z-DNA upon the number of repeats. They found that (CA) 6 did not bind nuclear proteins, (CA) 13 bound with moderate binding proteins. 75 A survey of other transcriptional enhancers showed that pairs of Z-DNA segments were intensity, and (CA) 25 bound nuclear proteins with the greatest intensity. They suggested that simple repeats present in a number of transcriptional enhancers with 50-80 bp between the Z-DNA segments.
70, 75 Rich et al 76 could have subtle effects on gene expression via their differential protein binding with respect to the genetic suggested that the spontaneous conversion of the Z-DNA segments to B-DNA could produce a local background of multifactorial diseases. Third, a study of 125 unrelated healthy individuals showed a signifiincrease in negative supercoiling that may alter local cant (P Ͻ 0.0001) correlation between the serum levels of the dopamine ␤-hydroxylase and homozygosity for two different sized alleles of an associated (CA)n repeat polymorphism. 39 Fourth, a (CA)n repeat upstream of the rat prolactin gene forms Z-DNA and inhibits transcription. 90 Fifth, deletion of the (CA)n repeat at the human cytosolic phospholipase A 2 gene showed it had an inhibitory effect on promoter activity. 91 In summary, there are many examples where micro/minisatellite sequences play a significant role in gene regulation by altering the primary, secondary or tertiary structure of DNA, by binding to transcription or translation factors, or by affecting RNA editing. In many studies the length of the repeat sequences affected the affinity for proteins involved in transcription or translation, determined the probability that a sequence would form Z-DNA, or determined whether an enhancer sequence would adopt a conformation suitable for the entry of RNA polymerase. For example, in the study by Schroth et al, 74 using a computer algorithm to evaluate a Z-score indicating the potential to form Z-DNA, the score was 0.6 for (CA) 6 , 1.3 for (CA) 7 and 2.4 for (CA) 8 , ie the score doubled with each additional dinucleotide. Modest variations in the sequence also produced major changes in the Z-score. For example, the synthetic sequence (CGCG) 4 had a Zscore of 17 300, while the synthetic sequence (CGCC) 4 had a Z-score of 5, or 3460 times lower than that of (CGCG) 4 . In addition, the sequence (TGTG) 4 had a ZSchroth et al. 74 score of 2.4, while the sequence (TGCG) 4 had a Z-score of 135. This tetranucleotide sequence was also sensitive to length in that the Z-score for (TGCG) 3 was 16.7, or eight times lower than that of (TGCG) 4 . These general population, with prevalences ranging from 1 to 100%. A 100% prevalence can occur if there results, illustrated in Figure 3 , support the potential for alleles of varying length and sequence of polymorphic is a bimodal distribution of alleles consisting entirely of hyperfunctional alleles (Ͼ10% of the micro-and minisatellite sequences to be associated with variations in the level of expression of specific average) and hypofunctional variants (Ͻ10% of the average). genes.
(5) Individually these functional variants have only a modest effect on the phenotype (0.5-8% of the A general hypothesis of polygenic inheritance variance), and rarely cause disease, ie they are generally not responsible for the classic one geneThe various aspects of a micro/minisatellite hypothesis of polygenic inheritance are listed as follows: one disease autosomal dominant or recessive disorders. (6) Since most of the micro/minisatellite polymor-(1) Many micro/minisatellites have an effect on the expression of the genes with which they are assophisms are not in exons, the mutations in polygenic disorders are usually outside the exons and ciated. (2) Many genes are associated with one or more often outside the transcribed sequences. (7) Log score linkage studies lose power when more micro/minisatellite polymorphisms. (3) As a result of No. 1 and No. 2, many genes will than six genes are involved in a given disorder. 12,92 Linkage studies are based on the present with a range of functional alleleomorphic variants. Those genes associated with several assumption that the presence of a given allele is associated with the presence of the disorder and micro/minisatellite polymorphisms, each with multiple alleles, will present with an especially the absence of the allele is associated with the absence of the disorder. By contrast, in polygenic large number of functional haplotypes. While most genes will be associated with ±10-15% of inheritance the disorder is associated with the presence of a threshold number of alleles of sevthe average level of gene activity, the range may be as high as ±40%, and if multiple eral different genes. As such, many members of a pedigree may carry a given mutant gene but not micro/minisatellite polymorphisms are involved their effects can be additive.
have the disorder, because of the absence of the necessary threshold number of other mutant (4) Significant functional variants are common in the genes. Thus, many members of a family may carry disorders is to choose candidate genes and examine the effect of alleles of the nearest a specific gene and not have the disorder, and other members of the family with the disorder micro/minisatellite polymorphisms on relevant quantitative traits. may not carry the mutant allele. 93 Non-parametric approaches to linkage 94 are better suited to complex inheritance (but see 95 ) . However, when a Implications of the micro/minisatellite paradigm given gene accounts for less than 8% of the varifor polygenic inheritance ance, a large number of parent-child sets or sibpairs must be examined. 96 Association studies, The above proposed characteristics of polygenic inheritance carry a number of additional implications. comparing the frequency of the mutant candidate genes in severely affected probands to totally These are as follows: unrelated, ethnically matched controls that are free of the disease, can identify these small
Many genes can be involved in the polygenic inheritance of some trait If many micro/minisatellite polyeffects.
92, 93, 97 (8) Both hyper-and hypo-functional alleles can have morphisms have the potential of altering the rates of transcription or translation of the gene they are closest an effect on the phenotype. For example, in psychiatric genetics, both an increase in the to, and if many genes are associated with at least one micro/minisatellite, then many and possibly most expression of a given receptor gene leading to receptor supersensitivity, or a decrease in the genes have the potential to contribute in some degree to the polygenic inheritance of the phenotypes they expression of a receptor gene leading to receptor hyposensitivity, could be associated with an altcontrol. ered phenotype. (9) A polygenic disorder occurs when an individual Exon mutations may provide only a minor contribution to polygenic inheritance Many studies of the poteninherits a threshold number of hypo-or hyperfunctional genes affecting the same phenotype.
tial role of specific genes in psychiatric or other disorders start with a search for mutations in the exons of Thus, if 20 different polygenes play a role in a given quantitative variable, anyone with 10 or a candidate gene. When such studies are negative it is often concluded that the gene has nothing to do with more of these hypo-or hyperfunctional variants would present with a significantly altered phenothe disorder being examined. If the majority of the mutations involved in complex, polygenic traits are in type. The threshold number would vary according to the degree of hypo-or hyper-functionality of non-exons, such conclusions would be invalid. The present hypothesis does not exclude a role for exon the alleles, and the severity of the altered phenotype would depend on the extent to which the mutations that have only a minor effect on the function of the gene, it only emphasizes that these studies can number of polygenes exceeded a critical threshold number.
be negative despite the presence of functionally important variants of that gene. (10) Because micro/minisatellites are so common, the probability of No. 9 occurring is relatively high. Thus, polygenic disorders are much more comThe study of the additive effects of several genes will be informative If on average, each candidate gene mon than single gene disorders. With the general population frequency of many polygenes ranging contributes to only 0.5-8% of the variance of a given quantitative trait, depending upon the phenotype and from 25% to over 50% the chance of inheriting a threshold number is much higher than for the sinthe size of the study, the results may be of modest, borderline or negative significance. However, the examingle gene disorders. (11) For a given micro/minisatellite the alleles can ation of the additive or epistatic effect of two or more candidate genes may show a much more significant have a negative or positive effect on the phenotype depending upon the genetic background of effect. We have observed this for the additive effect of the DRD2, D␤H and DAT genes, 18 the DRD1 and DRD2 other genes and on the nature of the phenotype. A practical example is the observation by genes, 98 simply examine the frequency of specific alleles in subjects compared to controls. However, when a diagnosis gene and attention deficit hyperactivity disorder. One might conclude from such divergent reports is based on a complex set of symptoms, a given allele may show a significant association with several of the that one or the other observation must be incorrect. However, there is a reasonable probability quantitative traits involved in the diagnosis, but not the diagnosis itself. For example, if schizophrenia is a that both are correct, and that different alleles of a given micro/minisatellite may be associated with polygenic disorder, the alleles of a specific candidate gene may show a significant association with negative different phenotypes. (12) A reasonable approach to the study of polygenic symptoms (eg affective flattening), which are present in some but not all cases, but no association with positive dinucleotide repeats, also form Z-DNA. 74 If these longer sequences were involved in minisatellite repeat symptoms (eg delusions or hallucinations), or with the diagnosis of schizophrenia itself. Limiting the analysis polymorphisms, they could also play a significant role of gene regulation. The suggestion that minisatellites to simple dichotomous diagnoses, rather than the examination of sub-syndromal quantitative traits, may (and Alu repeats 101 ) are the evolutionary progeny of microsatellites 11 further testifies to their intermiss genes that make an important contribution to a polygenic disorder. Heterosis may also allow a gene to relatedness. have a significant effect on the phenotype in the absence of difference in the frequency of individual Immediate practical applications alleles in controls vs patients.
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A hypothesis is most useful if it has immediate heuristic value. The following are examples of such value. Evolution may not need to wait for mutations, they are always there One of the tenets of evolution is a dependence upon the occurrence of just the right rare
(1) Resolution of the statistical problem of highly polymorphic alleles One of the disadvantages of the use mutations that instead of being deleterious to the species, improve it, and allow selection to produce a new of highly polymorphic micro/minisatellite polymorphisms in association studies is that when each of the and better adapted species. This leaves open the question of how such rare events ie mutations that affect large number of alleles, and even larger number of potential genotypes is examined, the power of the the right gene, are advantageous instead of deleterious, happen at the right time, and have occurred often study may be so seriously compromised as to render it useless. However, if the size of the repeats is the critienough to provide for the rich diversity of species. The concept of random drift helps some but that seems best cal variable, even the most complex of polymorphisms can be reduced to three genotypes consisting of homosuited to explain the accumulation and fixation over time of neutral base pair and amino acid changes.
zygosity for the shorter alleles, homozygosity for the longer alleles, and heterozygotes. We have found this The concept of micro/minisatellite polymorphisms providing many alleleomorphic functional variants of approach of value for studies of the role of a number of genes (OB, MAOA, MAOB, CNR1, GABRA3, GABRB3, each gene eliminates the need for this improbable sequence of events. Thus, new mutations or alleles do DBH, FRAXA, and NOS1) in behavioral traits. not have to occur, they are already present, and in great abundance, and affecting most genes. It is not neces-(2) The identification of polymorphisms for candidate genes using genomic clones While many of the potensary for that rare advantageous mutation to just happen to occur at the right time and in the right gene since tially interesting candidate genes have been cloned and sequenced, for most, no polymorphisms have been all genes come in a rich array of functional variants. What is necessary to drive evolution is an environmenreported in the Genome Data Base, making association studies impossible. Based on the present hypothesis, if tal or ecological change to fuel the selection of a given set of polygenes better suited for the new environment.
the sequence is known, one method of identifying useful micro/minisatellites is to obtain large genomic As an example, the evolution from primates to Homo sapiens required many different changes, including clones carrying the gene of interest from commercial sources. These can then be screened for repeat standing up-right, thumb-finger apposition, the development of speech centers, the expansion of the frontal sequences which may be highly informative in association studies. lobes, and many others. There is evidence that a number of different hominid species were simultaneously and independently undergoing these changes. 100 To (3) The identification of polymorphisms for candidate genes using Z-DNA screening The present model sugaccept that multiple advantageous new mutations of many different genes just happened to occur in the gests that the repeat sequences capable of forming Z-DNA will prove to be the most valuable polymorright temporal order, and in several different lineages, is difficult. However, if all the necessary mutations phisms in studies of polygenic inheritance. This suggests that screening known sequences using the Zwere already present, and environmental changes selected for the polygenic sets that were most advanhunt-II program, 74 could provide important clues about the location of the most informative polymorphic tageous, the parallel progression in multiple lineages is more readily understandable. This is not meant to regions. To test this, we utilized this program to examine the sequence of NOS1. 102 Based on the results of imply that exon mutations in some critical genes do not also play a role in evolution, only that the presence studies showing aggression in knock-out mice, without the NOS1 gene, 103 we had examined various behavioral of many functional alleles associated with micro-minisatellites may be a better explanation.
traits in humans using a repeat polymorphism we identified by visual examination of the sequence of the NOS1 gene. 102 Since some associations were observed, Microsatellites and minisatellites may both involve Z-DNA motifs While Z-DNA forming (CA)n repeats repwe wondered if: (a) the polymorphism we were using would be identified by the Z-hunt II program; and (b) if resent the major class of microsatellite polymorphisms, computer programs designed to identify Z-DNA motifs there were other regions in the gene that might contain informative polymorphisms. Both predictions were show that a wide range of sequences, in addition to 10 
